Phylogenetic analyses for molluscs frequently make use of the mitochondrial (mt) markers COX1, 12S and 16S, in part because of the availability of universal primers (e.g. Plazzi & Passamonti, 2010; Williams et al., 2010; Aktipis & Giribet, 2011; Plazzi et al., 2011; Wakabayashi et al., 2012) . Recent phylogenetic studies have expanded on gene sampling, sequenced entire mt genomes and undertaken phylogenetic analyses using all protein-coding and rRNA genes for determining relationships within Mollusca, generally resulting in well-resolved trees with highly supported nodes (e.g. White et al., 2011; Williams, Foster & Littlewood, 2014; Uribe et al., 2015) . However, several papers have pointed out that trees based purely on mtDNA can produce erroneous deep relationships between different molluscan taxa (Stöger & Schrödl, 2013; Bernt et al., 2013a) . This is perhaps unsurprising, given that mtDNA generally evolves more quickly than the nuclear genome (Burton & Barreto, 2012) , and deeper relationships may therefore be beyond the saturation point of mtDNA. However, with the recent development of next-generation sequencing, entire mt genomes can be sequenced rapidly and relatively cheaply. It is therefore important to determine the utility and reliability of the mt genome as a marker for phylogenetic analysis.
MtDNA has some of the features of an ideal genetic marker, such as being small and highly conserved in size for animals (Burton & Barreto, 2012) , having strict orthology of proteincoding genes (PCG) and rRNAs (Gissi, Iannelli & Pesole, 2008) and possessing no introns and very short intergenic regions (Gissi et al., 2008) . However, the neutrality of the mt genome has been questioned recently, particularly due to interactions with the nuclear genome (Burton & Barreto, 2012) . Selection in the mt genome has been identified across multiple taxa (James, Piganeau & Eyre-Walker, 2016) , including mammals such as humans (Kivisild et al., 2006; Ruiz-Pesini & Wallace, 2006) , shrews (Fontanillas et al., 2005) and killer whales (Foote et al., 2011) , as well as other vertebrates such as fish (Jacobsen et al., 2016) . Within molluscs, there exists a very strong correlation between egg-size divergence and COX1 gene amino-acid divergence in geminate species of the gastropod genus Nucella, sampled either side of the Isthmus of Panama (Marko & Moran, 2002) , suggesting that selective pressure may also play an important role in the evolution of some mt genes in molluscan taxa. Differing results of phylogenetic analyses based on nuclear or mitochondrial gene markers, or performance of COX and CytB markers relative to ND genes within molluscs has been noted (Havird & Santos, 2014) , lending greater weight to this hypothesis.
In this study, we assess the robustness of using whole or nearly complete mt genomes based on both nucleotide and amino-acid variation to create phylogenies in vetigastropods, as has been done in other taxa (Kuo, Wares & Kissinger, 2008; Seixas, Paiva & Russo, 2016) . We ask how the removal of one or more mt genes affects tree structure and how the resulting phylogenies compare with those based on both nuclear markers and mtDNA. Using a nearly complete mt genome newly obtained for Gibbula umbilicalis (da Costa, 1778) (Vetigastropoda) as well as 12 published sequences from other vetigastropods, we show that different tree structures are supported when different genes are removed from analyses.
The relationships within Vetigastropoda have been subject to several different interpretations based on different genetic and morphological markers (molecular markers: Kano, Chikyu & Warén, 2009; Aktipis & Giribet, 2010 Kano et al., 2013; Uribe et al., 2015; Lee et al., 2016; Nakajima et al., 2016; morphological markers: Haszprunar, 1988; Hedegaard, 1997; Ponder & Lindberg, 1997; Sasaki, 1998) . The new mt genome for G. umbilicalis will contribute to a more robust phylogenetic framework for Vetigastropoda, as it is only the second mt genome for the highly speciose family Trochidae sensu Williams (2012) , following the recent publication by Lee et al. (2016) featuring Stomatella planulata.
DNA was extracted from 25 mg of ethanol-preserved mantle tissue of G. umbilicalis collected from Peveril Point, Dorset, UK, using a DNeasy Blood and Tissue sample kit (Qiagen) following the manufacturer's instructions, including the optional extra elution with 200 µl of buffer AE. Yield and integrity of double-stranded DNA were determined using a Qubit fluorometer 2.0 (Invitrogen, Waltham, MA) and a Tapestation (Agilent, Santa Clara, CA). DNA was fragmented to approximately 550 bp lengths using a Covaris ultrasonicator (Covaris, Woburn, MA). An indexed library was constructed with a TruSeq Nano DNA sample preparation kit by following the manufacturer's recommendations (Illumina, San Diego, CA), apart from using a six-cycle PCR enrichment rather than the recommended eight cycles. Following verification of library concentration by qPCR, each library was sequenced on one-fifth of a flow cell on an Illumina MiSeq platform (V.3 chemistry, 2×300 bp). Reads were trimmed with an error probability limit of 0.05 and no ambiguities allowed, then paired with an expected distance of 750 bp using Geneious v. 8.1.5 (Kearse et al., 2012) . Resulting contigs were subsequently assembled to a previously reported G. umbilicalis COX1 sequence (GenBank acc. no. GQ232367; Williams et al., 2010) . Overlapping reads were mapped and reassembled iteratively, until generating a nearly complete mt genome 16,277 bp (GUMSWAN3; GenBank acc. no. KX646541) in length. At this point, the genome could not be extended further without adding reads of nonmitochondrial sequence at the 3' end.
All 22 putative tRNAs, 13 PCGs and both rRNA genes were identified using MITOS (Bernt et al., 2013b) and checked with ARWEN (Laslett & Canbäck, 2008) . Gene annotation was performed after alignment of the new G. umbilicalis sequences with genes from 13 reference mt genomes of other vetigastropods, later used in the phylogenetic analysis. Details about the mt genome are given in Supplementary Data 1 and 2.
Nucleotide sequences for the 15 mt genes (13 PCG and 2 rRNA genes) were each aligned separately using the translational alignment tool in Geneious for PCG, and MUSCLE (Edgar, 2004) for rRNA genes. Phylogenetic analyses were also carried out using amino-acid sequences from PCGs, which in other invertebrate phylogenetic trees have outperformed nucleotide trees (Seixas et al., 2016) . Gblocks was used to remove poorly aligned positions or divergent regions, with DNA in PCG treated as 'codons' and in rRNA genes treated as 'nucleotides' and gap positions in all alignments allowed within the final blocks (Castresana, 2000; Talavera & Castresana, 2007) .
The resulting alignments were verified by eye, concatenated and subjected to phylogenetic analysis using MrBayes (Ronquist & Huelsenbeck, 2003) on CIPRES (Miller, Pfeiffer & Schwartz, 2010) , employing the substitution models recommended by the corrected AIC score (Hurvich & Tsai, 1989) in jModelTest (Darriba et al., 2012) . In the case of nucleotide variation, this was GTR+I+G for all genes except ATP6 and ATP8, for which the GTR+G model was selected. Protein substitution model selection was carried out in MEGA (Tamura et al., 2013) , with the corrected AIC score (Hurvich & Tsai, 1989) used to determine the suitable model, namely LG+G+I+F for COX1 and COX2; JTT +G for ATP8; LG+G+F for ATP6, ND1, ND4, ND4L, ND5; mtREV24+G+I+F for COX3 and CytB; mtREV24+G+F for ND3 and ND6; JTT+G+F for ND2. Nerita fulgurans was used as the outgroup in all analyses. Phylogenetic analyses for both amino acids and nucleotides were also rerun with one gene excluded at a time and for nucleotides using just PCG to compare directly with amino-acid analyses. These different analyses resulted in six wellsupported but incongruent trees (Fig. 1, Table 1 ). In each tree, most nodes received full support (posterior probability PP = 1), but in most cases there was at least one node with PP < 1. The support for these nodes depended on which genes were excluded.
To investigate the possibility that selection may be acting on mt genes, Tajima's D (Tajima, 1989) was calculated for the codon alignment of each PCG in MEGA6 (Tamura et al., 2013) . In addition, a FUBAR analysis (Murrell et al., 2013) was conducted with HyPhy (Pond, Frost & Muse, 2005) using individual genes and their gene trees with default values, as well as using the entire PCG alignment and tree-based nucleotide sequence from all PCG (Tree F). Both analyses showed that multiple genes undergo significant positive selection (P < 0.001; D value > 2.798), with the FUBAR analysis identifying single codons in ATP6, ND4, ND4L and ND6 as undergoing positive selection (Table 2 ). These methods are conservative estimates of selection, which frequently fail to detect adaptation when it has occurred (Sharp, 1997; Crandall et al., 1999) . Moreover, our analyses do not test for selection in ribosomal genes, so our results may underestimate the importance of selection in the mt genome.
Phylogenetic trees for gastropods are frequently based on sequences that include COX1, 12S and 16S (Colgan et al., 2003; Geiger & Thacker, 2005; Williams et al., 2010; Aktipis & Giribet, 2011 ), but we show here that the removal of these genes Table 1 . Posterior probability (PP) support values for nodes highlighted with coloured dots in six trees shown in Figure 1 . A. Tree A, based on analysis of nucleotide variation for all 15 concatenated genes. The same topology was recovered for analyses based on 14 genes with ATP8, CytB, ND1, ND2, ND3, ND4, ND4L, ND5 or ND6 removed, as well as ND5 and ND6 in amino-acid (aa) analyses. Where PP values for these alternative analyses differ from those shown, the nodes are coloured and PP values given in Table 1 . B. Tree B, based on analysis of nucleotide variation for 14 genes with COX1 removed. The same topology was recovered for analyses based on 14 genes with COX2 or COX3 removed. C. Tree C, based on analysis of nucleotide variation for 14 genes with ATP6 removed. The same topology was recovered for analyses based on 14 genes with either 12S or 16S removed. D. Tree D, based on aa analysis of all 13 protein-coding genes (PCG). The same topology was recovered for analyses based on 12 PCG with ATP6, ATP8, COX1, COX2, CytB, ND1, ND2, ND3, ND4 or ND4L removed. E. Tree E, based on aa analysis of 12 PCG with COX3 removed. F. Tree F, based on nucleotide analysis of all 13 PCG (cf. Tree D). Text beneath trees shows datasets that resulted in same tree topology (see Table 1 for alternative PP at coloured nodes); aa datasets are in bold font. GenBank accession numbers: G. umbilicalis KX646541; N. fulgurans KF728888; F. volcano NC_016953; D. graeca JN790612; L. schrolli KR297250; G. lyrata NC028708; H. tuberculata NC013708; H. rubra NC005940; P. solida NC028709; A. neglecta KR297248; L. aff. cinerea KF70096; B. rugosa NC029366; T. lividomaculata NC029367; T. brunnea NC016954. Nerita fulgurans was used as outgroup in all trees. Superfamily classification is indicated on the right; those marked with an asterisk are not monophyletic in the tree. Definition of Trochoidea is that of Williams & Ozawa (2006) .
individually from phylogenetic analysis results in different trees. This may be linked to the positive selection found in other genes, in which case the mt genome is no longer acting as a neutral marker (Mishmar et al., 2003; Fontanillas et al., 2005; Kivisild et al., 2006; Ruiz-Pesini & Wallace, 2006; Burton & Barreto, 2012 ), although we found no evidence of selection acting on COX1 (12S and 16S were not tested). All the trees obtained here differ significantly from those resulting from previous molecular studies including nuclear and mt markers (McArthur & Harasewych, 2003; Geiger & Thacker 2005; Yoon & Kim 2005; Williams & Ozawa, 2006; Kano, 2008; Williams, Karube & Ozawa, 2008; Aktipis & Giribet, 2010 , except where indicated otherwise below. The positions of Phasianella solida, Angaria neglecta and the only trochid, G. umbilicalis, are particularly problematic.
Tree A and Tree D are both consistent with the topology found by Uribe et al. (2015) and Williams et al. (2014) , both of which used mt genomes, albeit with different taxon sampling, models of substitution and using either amino acids or nucleotides. As all the ND genes with the exception of ND1 showed significant positive selection, it is possible that the genes ND5 and ND6 may not be representative of the entire mt genome. In contrast, the node values for nucleotide trees without CytB and without ND1 are lower in tree D, two genes which do not show positive selection (based on either Tajima's D or FUBAR analysis). The positioning of Trochidae in Tree A is consistent with the results of Lee et al. (2016) , most notably in positioning Trochidae as sister taxon to the rest of the Trochoidea sensu Hickman & McLean (1990) .
Tree B differs from Tree A in that Lepetodriloidea are sister to Haliotoidea, Seguenzioidea and Trochoidea sensu Hickman & McLean (1990) , whereas in Tree A, Lepetodriloidea is sister to only Seguenzioidea and Haliotoidea. In this respect, Tree B is consistent with the tree recovered using 18S by Yoon & Kim (2005) . Tree C differs from Tree A in that P. solida and A. neglecta are sister taxa to nonmonophyletic Trochoidea sensu Williams & Ozawa (2006) , Lepetodriloidea, Seguenzioidea and Haliotoidea, while G. umbilicalis is sister to Lepetodriloidea, Haliotoidea and Seguenzioidea. This is consistent with the phylogeny by Geiger & Thacker (2005) based on COX1, H3 and 18S markers. Trochoidea are polyphyletic in Tree C, regardless of whether the definitions of Williams & Ozawa (2006) or Hickman & McLean (1990) are used.
Tree D differs from Tree A in that it is the only tree that recovers Trochoidea sensu Williams & Ozawa (2006) . Tree E recovers G. umbilicalis as sister taxon to a clade with Angarioidea and the remaining Trochoidea sensu Williams & Ozawa (2006) . However, the support values for theses nodes are very low (0.51 and 0.50) which suggests that COX3 is of high relative importance for determining relationships within Trochoidea sensu Hickman & McLean (1990) .
A notable difference between mt genome trees (Williams et al., 2014; Uribe et al., 2015) and trees obtained using both nuclear and mt markers is that the taxon Trochoidea sensu Hickman & McLean (1990) is recovered in all mt genome trees except Tree C and Tree F, whereas Trochoidea sensu Hickman & McLean (1990) is polyphyletic in trees using both nuclear and mt markers (Williams & Ozawa, 2006; Geiger et al., 2008; Williams et al., 2008; Aktipis & Giribet, 2011; Williams, 2012; Nakajima et al., 2016) . If results based on mt genomes are confirmed (Lee et al., 2016 ; this study), this would resurrect the use of Angariidae and Phasianellidae as families within the superfamily Trochoidea sensu Hickman & McLean (1990) -rather than as superfamilies Phasianelloidea and Angarioidea sensu Williams & Ozawa (2006) . However, Turbinidae sensu Hickman & McLean (1990) , which included both Angariinae and Phasianellinae as subfamilies, is not recovered as a clade in any of our trees. The taxon Trochoidea sensu Williams and Ozawa (2006) is obtained only in Tree D, suggesting that the use of amino-acid variation is preferable to the use of nucleotide variation for vetigastropod-level phylogenies, as might be expected given the age of this clade. However, our conflicting trees show that further work is needed to resolve relationships within Vetigastropoda with confidence. Mt genomes should be used with caution in phylogenetic analyses, as both the methods used for phylogenetic analyses and positive selection may affect the results.
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